Purpose: Tissue diagnosis of upper tract urothelial carcinoma (UTUC) is limited by variance in tumor sampling by standard ureteroscopic biopsy. Optical imaging technologies can potentially improve UTUC diagnosis, surveillance, and endoscopic treatment. We previously demonstrated in vivo optical biopsy of urothelial carcinoma of the bladder using confocal laser endomicroscopy (CLE). In this study, we evaluated a new 0.85-mm imaging probe in the upper urinary tract and demonstrated feasibility and compatibility with standard ureteroscopes to achieve in vivo optical biopsy of UTUC. Materials and Methods: Fourteen patients scheduled for ureteroscopy of suspected upper tract lesions or surveillance of UTUC were recruited. After intravenous (IV) administration of fluorescein, CLE was performed using a 0.85-mm-diameter imaging probe inserted through the working channel of standard ureteroscopes. Acquired confocal video sequences were reviewed and analyzed. A mosaicing algorithm was used to compile a series of images into a single larger composite image. Processed CLE images were compared with standard histopathologic analysis. Results: Optical biopsy of the UTUC using CLE was effectively achieved during standard ureteroscopy. There were no adverse events related to IV fluorescein administration or image acquisition. Confocal imaging of UTUC showed characteristic features similar to urothelial carcinoma of the bladder, including papillary structure, fibrovascular stalks, and pleomorphism. Lamina propria in normal areas of the renal pelvis and ureter was also identified. Conclusions: We report an initial feasibility of CLE of UTUC. Pending further clinical investigation, CLE may become a useful adjunct to ureteroscopic biopsy, endoscopic ablation, and surveillance of UTUC.
Introduction

U
pper tract urothelial carcinoma (UTUC) accounts for *5 to 10% of all urothelial carcinomas. 1 While nephroureterectomy with bladder cuff excision remains the standard of care in the treatment of UTUC, 2 renal-sparing endoscopic tumor ablation and subsequent ureteroscopic surveillance have emerged as a management option for patients with low-grade tumors where oncologic outcomes are comparable to radical treatment. 3, 4 Diagnosis of UTUC is typically established by ureteroscopic biopsy. Despite significant technologic advancements in endourology over the last two decades, ureteroscopic biopsy remains technically challenging and has several recognized limitations. [5] [6] [7] Tissue quantity is insufficient for diagnosis in up to 25% of ureteroscopic biopsies. 8 Variability in tumor sampling can contribute to the *30% rate in upgrading of low-grade UTUC from the time of endoscopic biopsy to definitive nephroureterectomy. 5, 7 Inaccurate diagnosis from ureteroscopic biopsy can negatively affect patient prognosis and prevent optimal clinical management. 9 Several optical imaging technologies have been proposed to improve the diagnosis of UTUC, with the goal to better stratify patients for renal-sparing management options and long-term endoscopic surveillance. Feasibility studies have been reported using narrow band imaging, 10 photodynamic diagnosis, 11 and optical coherence tomography. 12 Confocal laser endomicroscopy (CLE) utilizes miniaturized fiber-optic imaging probes to provide a high-resolution in vivo microscopic visualization of cellular architecture and morphology similar to histology. We previously established the feasibility of CLE in the lower urinary tract using 2.6-mm and 1.4-mm imaging probes and developed diagnostic criteria to enhance the detection of neoplastic bladder lesions.
In this study, we investigated the clinical feasibility of CLE imaging in the upper tract with a new 0.85-mm probe. This smaller probe has been applied in the gastrointestinal tract for needle-based optical biopsy of pancreatic cysts 17 that pose similar challenges of accessibility to areas of interest as those presented for UTUC in the upper urinary tract. The compatibility of the smaller probe with standard ureteroscopes could expand the utility of CLE to ureteroscopic biopsy and upper urinary tract surveillance for UTUC.
Materials and Methods
Instrumentation
CLE was performed with the Cellvizio clinical system (Mauna Kea Technologies, Paris, France). A 0.85-mm-outerdiameter fiber-optic probe was used for image acquisition. The 0.85-mm probe has a depth of tissue penetration of 50 lm, field of view of 320 lm, and spatial resolution of 3.5 lm. The probe was sterilized with the STERRAD system (Advanced Sterilization Products, Irvine, CA) before each use, and each probe could be sterilized up to 10 times.
Intraoperative confocal endomicroscopy during ureteroscopy
The study was conducted with approval from the Stanford University Institutional Review Board and Veterans Affairs Palo Alto Health Care System (VAPAHCS) Research and Development. Patients scheduled to undergo ureteroscopy for suspected UTUC or surveillance of UTUC were recruited. CLE imaging of the upper tract was performed through the working channel of a 6.9 French semi-rigid ureteroscope (Stryker, San Jose, CA), a 7.5 French flexible ureteroscope (Karl Storz Endoscopy, El Segundo, CA), or a 7.9 French flexible video ureteroscope (Olympus Corporation, Tokyo, Japan).
Following initial white light endoscopy, 0.5 to 1.0 mL of 10% sodium fluorescein (Akorn, Lake Forest, IL) was administered intravenously. 16 CLE imaging was feasible within 2 to 3 minutes after intravenous (IV) fluorescein. For image acquisition, the probe tip was positioned perpendicularly to the tissue for en face contact. White light endoscopy and CLE images of normal and abnormal appearing urothelium were reviewed in real time and recorded for additional analysis offline. Video sequences from CLE imaging were collected at 12 frames per second. Imaged tissue locations were biopsied or surgically resected, then stained with hematoxylin and eosin (H&E) for corresponding histopathologic analysis.
Data analysis
Confocal video sequences acquired in vivo during ureteroscopy were processed, reviewed, and analyzed using the Cellvizio Viewer software version 1.6.1. Consecutive images were compiled into a single larger composite image of greater than two frames using a built-in mosaicing algorithm. Confocal images and corresponding H&E stains were reviewed with a surgical pathologist (Robert V. Rouse).
Results
Between June 2012 and November 2013, 14 patients (mean age 74 years, range 61-88 years) scheduled to undergo ureteroscopy at VAPAHCS were recruited. In vivo CLE imaging of the upper tract was performed in all patients. Upper tract imaging of one patient was performed during two different procedures, first for suspected UTUC in a solitary kidney and second during follow-up surveillance 4 months later. Patient characteristics and histopathologic diagnoses, where available, are described in Table 1 . A total of 73 CLE video sequences were collected for analysis, with an average of 5 video sequences (range 1-12 sequences) per case. The average image acquisition time was 5 minutes (range 2-13 minutes) per case. The average duration of imaging per area was 66 seconds (range 12-292 seconds). There were no adverse events in relation to fluorescein administration or image acquisition.
The 0.85-mm probe was found to be compatible with the working channels of all semirigid and flexible ureteroscopes tested (Fig. 1) . A slight reduction of the irrigation flow rate comparable to insertion of a Holmium laser fiber was observed. The probe is visible under fluoroscopy (Fig. 1C) . With the 0.85-mm imaging probe in place, access to all parts of the ureter and renal collecting system, as well as retroflexion of the flexible ureteroscope (Fig. 1B) , remains feasible.
CLE imaging of normal urothelium, inflammation, and low-grade and high-grade UTUC was performed using the 0.85-mm imaging probe. Features similar to histopathology could be identified in the CLE images (Fig. 2) . Representative mosaic images (average 9 frames per mosaic, range 2-29 frames) from each case are shown in Figure 3 . A representative video of a papillary tumor (case 2) is shown in Supplementary Video S1 (Supplementary Data are available online at www.liebertpub.com/end). Stitching together multiple frames from a CLE video sequence into a mosaic image increased the field of view and aided in image interpretation. Previously reported CLE diagnostic criteria for high-grade urothelial carcinoma of the bladder include papillary features, pleomorphic cells with poor cohesion, and fibrovascular stalks. 16 These features were effectively identified using the 0.85-mm probe in high-grade papillary tumors of the renal pelvis (Figs. 2 and 3, cases 2, 3, and 14) . Characteristic low-grade CLE features such as densely packed monomorphic cells and fibrovascular stalks were also identified in low-grade papillary tumors of the renal pelvis (Fig. 3,  cases 4 , 10, 12, and 13). Imaging of normal upper tract urothelium consistently allowed visualization of lamina propria in both the ureter and the renal pelvis. In one case, a structure likely to represent Randall's plaque, a subepithelial calcification of the renal papilla, was visualized (Fig. 3, case 7) .
Discussion
We report a feasibility study of optical biopsy of UTUC using CLE. The 0.85-mm CLE probe used in this study is compatible with standard semirigid and flexible ureteroscopes, offering simultaneous confocal microscopy and white light endoscopy. In vivo microscopy images seen in the upper tract are similar to those collected from the lower tract. Even though the 0.85-mm probe has a lower resolution than the 2.6-mm probe previously used in the bladder, the CLE images have sufficient resolution to identify microarchitectural and morphologic features characterized as diagnostic criteria for urothelial carcinoma. The ability to visualize real-time histopathologic features is an attractive concept that has the potential to help avoid unnecessary biopsies for some patients, while improving biopsy yield for others. For example, the CLE images from case 9 were indistinct and appeared similar to normal tissue, and histopathology of the biopsy found only denuded mucosa and acute and chronic inflammation. Conversely, CLE images from case 11 identified a fibrovascular stalk and papillary features, while the scant biopsy sample was processed as a cytology sample reported as ''atypical'' with a possible differential diagnosis of low-grade papillary carcinoma. Histopathology of a follow-up biopsy resulted in a definitive diagnosis of low-grade UTUC.
Optical biopsy in the upper tract using CLE may serve as a useful adjunct to white light ureteroscopy during the initial diagnosis of UTUC and subsequent surveillance in selected patients who are candidates for endoscopic management. Initially, the primary application of CLE for minimally invasive management of UTUC might be to reduce unnecessary biopsies and associated risk. In our upper tract CLE images, the most apparent difference is between neoplastic and benign tissue, a distinction that can be made in real time by the urologist. Eventually, CLE may be used to provide cellular diagnosis before optical ablation with laser. With refinement and validation of diagnostic criteria, trained urologists may be able to independently provide cellular diagnoses comparable to histopathology. Development of software for automated CLE image interpretation may be applied to further improve real-time diagnoses and reduce the learning curve for CLE. 18 In the current study, we used IV fluorescein as the contrast agent, which enables efficient image acquisition within 2 to 3 minutes after fluorescein administration without additional washing steps. The characteristic fibrovascular stalks and morphologic features of urothelial carcinoma were well visualized after IV fluorescein in the upper tract. CLE imaging of normal mucosa in the ureter and renal pelvis demonstrated characteristic vasculature within the lamina propria, but the cellular features of normal urothelium (e.g., umbrella cells) were not well visualized. The inability to visualize the normal urothelial cells may be due to inefficient staining from IV fluorescein and the thin layer of urothelium. As we have previously shown in the lower tract, fluorescein may be introduced either intravenously or topically. Additional studies are needed to investigate the feasibility of topical fluorescein administration in the upper tract and a comparative analysis with IV route of administration.
Our feasibility study is limited by its small sample size and not intended to address the diagnostic accuracy of CLE for UTUC. Furthermore, image acquisition, interpretation, and precise imaging-pathologic correlation present challenges. Even though the probe is flexible, manipulation for steady en face contact can be difficult and the inability to achieve proper contact could limit the full interrogation of a region. Image acquisition is also sensitive to motion introduced by the patient (e.g., respiratory movements) or the operator. As CLE imaging focuses on discrete regions identified by white light, short video sequences may be sufficient for the identification of tumor features. Similar to CLE imaging elsewhere, there is a learning curve associated with image interpretation. In particular to the upper urinary tract, skill sets required for CLE imaging appears to be similar to laser ablation of tumor. In regards to image interpretation, we previously demonstrated moderate interobserver variance and the relative ease of learning the imaging criteria for bladder cancer in novice CLE users.
14 Prior experiences of CLE for bladder cancer will likely be beneficial as the optical imaging features of urothelial carcinoma are similar. Finally, the inherent limitations of acquiring adequate tissue through endoscopic biopsy also limit precise imaging-pathologic correlation.
Despite current limitations, CLE is a promising technology that may aid in the conservative management of UTUC. A larger scale prospective study will be needed to assess the accuracy of distinguishing the benign urothelium from lowgrade and high-grade UTUC. In addition, multimodal imaging with CLE and macroscopic imaging technologies, such as narrow band imaging, should be explored to facilitate characterization of challenging lesions of the upper urinary tract.
Conclusions
Optical biopsy using CLE in the upper tract is feasible and provides real-time in vivo microscopy with sufficient   FIG. 3 . Mosaic CLE images from each case. CLE images of normal urothelium showing lamina propria are shown for cases 1, 5, 6, and 8 where no suspicious lesions were visualized. No suspicious lesions were detected in case 7, however, a structure likely to be Randall's plaque was visualized. The image for case 9 was taken from a region of inflammation. Images from cases 4, 10, 12, and 13 are from lowgrade papillary tumors and cases 2, 3, and 14 from highgrade papillary tumors. Images from cases 11 and 15 were taken from lesions suspicious for UTUC; however, pathologic correlation was inconclusive (case 11) or unavailable (case 15).
resolution to distinguish between benign tissue and urothelial carcinoma. Imaging was performed using a new 0.85-mm probe that fits into the working channel of standard flexible ureteroscopes. Pending further clinical investigation, CLE is a promising adjunct to white light endoscopy to improve ureteroscopic biopsy and facilitate the endoscopic management of UTUC.
